Evolution of phase separation in In x Ga 1−x N alloys ͑x ϳ 0.65͒ grown on AlN/sapphire templates by metal organic chemical vapor deposition has been probed. It was found that growth rate, G R , is a key parameter and must be high enough ͑Ͼ0.5 m / h͒ in order to grow homogeneous and single phase InGaN alloys. Our results implied that conditions far from thermodynamic equilibrium are needed to suppress phase separation. Both structural and electrical properties were found to improve significantly with increasing G R . The improvement in material quality is attributed to the suppression of phase separation with higher G R . The maximum thickness of the single phase epilayer t max ͑i.e., maximum thickness that can be grown without phase separation͒ was determined via in situ interference pattern monitoring and found to be a function of G R . As G R increases, t max also increases. The maximum value of t max for In 0.65 Ga 0.35 N alloy was found to be ϳ1.1 m at G R Ͼ 1.8 m / h.
The determination of true band gap of InN around 0.7 eV ͑Refs. 1-3͒ has extended the energy gap range of group III-nitrides from deep ultraviolet to the near infrared spectral region. In particular, the band gap energy of In x Ga 1−x N alloys can be continuously varied from 0.7 to 3.4 eV, covering the entire solar spectrum. This opens up the possibility for realizing a full spectrum solar cell. Many groups are exploring the potential of InGaN as solar cell materials. [4] [5] [6] [7] [8] Besides being the ideal photovoltaic materials, In-rich InGaN alloys have also attracted considerable attention for their potential applications in long wavelength emitters, photoelectrochemical cells, and thermoelectric devices. [9] [10] [11] [12] In an effort to synthesize high quality In-rich InGaN alloys, many growth techniques have been tried. [12] [13] [14] [15] [16] [17] Nonetheless, there remains considerable difficulty in making high-quality In-rich InGaN alloys, mainly due to phase separation.
Very thin InGaN layers ͑on the order of few nanometers͒ in the form of single or multiple quantum wells are used as active layers in InGaN based blue green light emitting diodes ͑LEDs͒ and laser diodes ͑LDs͒. The realization of high brightness LEDs and LDs is predominately attributed to the incorporation of high quality thin layers of InGaN with relatively low In-contents. 18 The material quality of InGaN with high In-contents severely degrades due to phase separation, inhomogeneity of solid solution, and In metal droplets ͑due to decomposition of InN͒ as layer thickness increases. Phase separation in In-rich InGaN has been theoretically predicted and experimentally observed in thick layers. 19, 20 Most of the aforementioned applications need high In-content InGaN layers that are much thicker than those employed in quantum wells in order to realize practical devices. Growth of such high In-content and thick InGaN alloy layers inside the theoretically predicted miscibility gap region has proven to be very challenging. However, some progresses have been made recently in the growth of single phase InGaN alloys in the entire compositional range. 13, 14 Nakamura et al. 18 has experimentally shown that the quality of InGaN films can be improved by reducing the growth rate in low In-content regime. However, we found that such a low growth rate inside the theoretically predicted miscibility gap region ͑middle range of the alloy composition͒ has resulted in phase separation and poor electrical and structural properties. Here, we report on an effective method to suppress phase separation and improve the crystalline quality of In-rich InGaN alloys. In particular, the evolution of the miscibility gap with the layer thickness and growth rate ͑G R ͒ has been investigated in In 0.65 Ga 0.35 N alloy.
In x Ga 1−x N alloys ͑x ϳ 0.65͒ were grown on AlN/ sapphire templates by metal organic chemical vapor deposition. A thin In 0.2 Ga 0.8 N buffer layer ͑ϳ20 nm͒ was grown prior to the growth of the epilayers. Trimethylgallium ͑TMGa͒, trimethylindium ͑TMIn͒, and ammonia ͑NH 3 ͒ were used for Ga, In, and N sources, respectively. Growth temperature and pressure were fixed at 610°C and 500 Torr, respectively. Growth rate was increased by increasing flow rate of group III sources with a constant TMIn/TMGa ratio. Electrical and structural properties were measured by Halleffect and x-ray diffraction ͑XRD͒, respectively. In-fractions in InGaN epilayers were also checked by secondary ion mass spectrometry ͑by Evans Analytical Group͒ for selective samples, which revealed that In-contents determined by XRD are in very good agreement with secondary ion mass spectrometry results. Figure 1͑a͒ shows the XRD spectra for ͑002͒ plane in -2 scan mode. In-contents were determined from the peak angles using the Vegard law with the assumption that layers are fully relaxed as they are thick enough ͑ϳ300 nm͒. In this figure, right peaks correspond to the InGaN buffer layer while left peaks are from the top InGaN layer. Indium contents in buffer and top layers were found to be ϳ20% and 65%, respectively. At R G ϳ 0.2 m / h, a very broad peak was observed which corresponds to In content between ϳ35% and 65%. This is due to the inhomogeneity and phase separation. As G R increases, phase separation and inhomogeneity are gradually suppressed, as evidenced by the emergence of a single peak from the top In x Ga 1−x N ͑x ϳ 0.65͒ layer. Slight shift in the main peak toward a smaller angle is due to a higher In incorporation with an increase in G R . Effect of G R on In incorporation is more prominent for the growth of lower In-content InGaN alloys, as shown in Fig. 1͑b͒ . Figure 1͑b͒ shows that In content is nominally increased with an increase in G R . The inset of Fig. 1͑b͒ shows the layer structure. Since epilayers are thick, effect of strain in suppressing phase separation is expected to be negligible.
Structural property dependence on G R is plotted in Figs. 2͑a͒ and 2͑b͒. It is found that as G R increases, full-width at half maxima ͑FWHM͒ of XRD spectra decrease and XRD intensity increase for both ͑002͒ -2 scans and rocking curves ͑-2 scans͒. FWHM of -2 scans ͑rocking curves͒ decreased from ϳ0.64°͑3.06͒ to ϳ0.19°͑1.02͒ when R G increased from ϳ0.5 to 1.4 m / h. FWHM of -2 scans indicate degree of homogeneity of alloys, while FWHM of rocking curves ͑or -2 scans͒ reveal the crystalline quality. Further increases in G R only moderately improve the film's structural properties. This infers that once single phase and homogeneous alloy are attained, structural properties remain almost independent of G R . The narrowest FWHM for ͑002͒ -2 and rocking curve were measured to be 648 arc sec and 3240 arc sec, respectively when G R = 1.8 m / h. FWHM of ͑002͒ -2 curves are much narrower than those we reported previously in InGaN with similar In-contents. 13 Our results suggest that G R needs to be greater than 1.0 m / h to obtain single phase In 0.65 Ga 0.35 N with reasonable homogeneity and crystalline quality.
Electrical properties, electron mobility ͑ e ͒ and background concentration ͑n͒, of In 0.65 Ga 0.35 N alloys as a function of G R are plotted in Fig. 3 . It was found that e increases with G R . Electron mobility increases from 44 to 90 cm 2 / V s, almost linearly, when G R is increased from ϳ0.5 to 1.4 m / h and then remains almost the same with further increase in G R . We have observed that both XRD and Hall results are improved with increasing G R . Electron mobility has increased by more than a factor of 2 when G R was increased from 0.5 to 1.4 m / h while n remained the same, although very high. The physical origin of such a high n ͑ϳ3 ϫ 10 19 cm −3 ͒ is currently under intensive investigation and impurities such as hydrogen or nitrogen vacancies could be responsible for such high n. 21, 22 Detailed dependence of other growth parameters such as V/III ratio, pressure, temperature, etc., and strain management would eventually provide us with understanding as well as mechanisms to control n. Figure 4͑a͒ shows the evolution of in situ interference patterns with varying G R during growth of In 0.65 Ga 0.35 N alloy. It was found that reflected laser intensity decreased abruptly as layer thickness exceeded a certain value. The surface of the epilayer started getting rough at this point. XRD results indicate that the InGaN samples with such an interference pattern were phase separated with pure InN phase having In droplets on the surface. At G R = 1.8 m / h, we did not see such an abrupt drop in laser intensity until the layer exceeds 1.1 m thick before phase separation occurred, as shown at the bottom most spectrum of Fig. 4͑a͒ . Thus, the reason for the abrupt decrease in laser beam intensity is most likely due to the bad surface caused by In drop- In summary, we have systematically investigated the effects of growth rate on phase separation and the material quality of In-rich InGaN. We found that increasing the growth rate helps to suppressing phase separation and inhomogeneity, thereby improves both the structural and electrical properties of In-rich InGaN epilayers. This and previous studies 13, 20 indicate that growing InGaN alloys far away from the thermodynamic equilibrium conditions ͑e.g., with higher growth rate͒ promotes the growth of single phase and improves the material quality of In-rich InGaN epilayers inside the theoretically predicted miscibility gap region. Furthermore, in situ interference pattern monitoring also provides an effective tool for directly examining the evolution of phase separation with layer thickness during growth. 
